Introduction
Resistance of Staphylococcus aureus to antibiotics is a serious and growing problem in terms of human suffering and economics. 1, 2 In 1941, all known strains were susceptible to benzylpenicillin (penicillin G). However, by 1992, 95% of clinical isolates were resistant to penicillin G and ampicillin because of the production of a -lactamase. 3 Methicillin, a semi-synthetic penicillin, was introduced to clinical practice in 1959, but by 1961 methicillin-resistant strains had been isolated. 4 In 1980, the extent of the problem became apparent when methicillin-resistant S. aureus (MRSA) resistant to aminoglycosides such as gentamicin was first described. Methicillin resistance in S. aureus results from a chromosomally located mecA gene that encodes a new penicillin-binding protein (PBP-2 ) with a low affinity for -lactam antibiotics. 5 Vancomycin is the antibiotic of choice against these strains and, to date, resistance has not been reported.
Traditional methods of antibiotic susceptibility testing require at least 48 h to provide the physician with a result. During this period, the patient may be treated with inappropriate broad-spectrum antibiotics. 6 The development of rapid antibiotic susceptibility tests would allow specific and cheaper narrow-spectrum antibiotics to be used, resulting in improved patient care and cost-effectiveness. Flow cytometry has gained increasing importance in many aspects of biomedical science. 7, 8 It allows the rapid analysis of properties of individual cells in non-synchronous cultures with excellent statistics. The potential of flow cytometry to provide a rapid test of bacterial antibiotic susceptibility was explored by Steen et al., 9 who demonstrated the effect of antibiotics on Escherichia coli with the fluorescent DNA probe mithramycin. Subsequently, flow cytometry was used to assess antibiotic-induced membrane damage 10 and antibiotic-induced inhibition of E. coli within minutes. 11 Recent flow cytometric susceptibility tests have employed membrane potential-sensitive fluorescent probes to assess membrane damage and depolarization. [12] [13] [14] [15] [16] [17] [18] [19] [20] Oxonols are lipophilic anionic dyes that enter cells with depolarized plasma membranes and bind to lipid-rich intracellular components; fluorescence is enhanced upon accumulation. 18 They have been used recently to determine the viability of Trichomonas vaginalis 21 and to evaluate the effects of antibiotics on Candida albicans 22 and some pathogenic bacteria. 13 
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The present work illustrates the use of the anionic membrane potential-sensitive fluorescent probe, bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC 4 (3) ) to assess by flow cytometry the antibiotic-induced perturbation of the plasma membrane of clinical isolates of MRSA and thereby provide a rapid and reproducible antibiotic susceptibility test.
Materials and methods

Bacterial strains and growth conditions
Five clinical isolates of MRSA (QC, NCTC 11353, Z60699, U472137 and U472011) were provided by Mr Alan Paull of the Department of Medical Microbiology, University of Wales College of Medicine. The reference strains used were S. aureus NCTC 6571 and S. aureus 8325-4, both of which are sensitive to penicillin G, methicillin and vancomycin. All isolates were maintained on nutrient agar (Oxoid, Basingstoke, UK). For flow cytometric analysis, bacteria were grown to early exponential growth phase (optical density of 0.2) in filtered (0.2 m) nutrient broth (Oxoid) in a reciprocating water bath at 37°C and at 100 strokes per minute.
Antibiotics and MIC testing
The antibiotics used were penicillin G, methicillin and vancomycin (all from Sigma, Poole, UK). For flow cytometric susceptibility testing, concentrations at the breakpoints recommended in clinical practice were used (0.12 mg/L, 4 mg/L and 4 mg/L for penicillin G, methicillin and vancomycin, respectively). Independent susceptibility tests were performed using the broth dilution technique where the bacteria are incubated in nutrient broth with a series of antibiotic concentrations.
Staining with DiBAC 4 (3)
A stock solution of DiBAC 4 (3) (Cambridge Biosciences, Cambridge, UK) was prepared in ethanol at a concentration of 1 g/L and stored at 20°C. The dye was added directly to the broth culture to give a final concentration of 1 mg/L. Incubation was for 2 min at room temperature before flow cytometric analysis.
Gramicidin S and heat treatment
As a control experiment to assess the effectiveness of the dye to differentiate between viable and dead cells, all isolates were heat-treated (at 70°C for 30 min) and incubated in the presence of the ionophore gramicidin S (20 mg/L for 15 min). This results in the depolarization of the bacterial plasma membrane allowing entry of the dye into the cell and intense intracellular fluorescence.
Flow cytometry
Flow cytometry was performed on a Skatron Argus 100 high pressure mercury arc lamp based, dual parameter flow cytometer (Skatron Instruments Ltd, Newmarket, UK). The sheath fluid pressure was set to 1 KPa/cm 2 and the sample flow rate to 5 L/min. The fluorescence excitation and emission maximum wavelengths for DiBAC 4 (3) are 493 nm and 516 nm, respectively. Fluorescence was detected using a FITC filter block (Skatron) which provides an excitation wavelength of 470-490 nm, a band stop of 510 nm and an emission of 520-550 nm. Data acquisition of fluorescence was gated by forward angle light scatter, and detected by linear amplification. The forward angle light scatter detector, an indication of cell size, was used with logarithmic amplification. Samples were allowed to run for 1 min, before data acquisition from 5000 organisms. The performance of the flow cytometer was monitored daily using 1 m fluorescent beads (Park Scientific Ltd, Northampton, UK).
Flow cytometric antibiotic susceptibility test
Flow cytometric susceptibility tests were performed as outlined by Mason et al. 13 After being subcultured from a single colony, each isolate was grown to an optical density of 0.2 (600 nm) which indicates early exponential growth phase. The antibiotic was then added and 1 mL samples removed at timed intervals and stained with DiBAC 4 (3) before flow cytometric analysis.
Viable counts
Counts of cfu were performed as outlined by Miles & Misra 23 after appropriate dilution in HEPES buffer (Sigma).
Results
The antibiotic-sensitive reference strains and all the MRSA clinical isolates showed increased fluorescence following treatment with heat or gramicidin. This indicated complete membrane depolarization, allowing entry of the dye, and underlined the possible use of this procedure to assess destruction of the plasma membrane dye exclusion barrier in the different isolates of S. aureus. The effect of heat and gramicidin treatment on MRSA QC (a clinical isolate) is shown in Figure 1 , and was typical of all isolates tested. The dual parameter histogram gives a threedimensional perspective of the population based on the light scatter and fluorescence from individual cells, the vertical axis representing the relative number of organisms.
The effect of methicillin on S. aureus NCTC 6571 is shown in Figure 2a . A significant increase in fluorescence was detected after 30 min incubation with the antibiotic. No isolates of MRSA showed such a response at the corresponding time intervals, indicating that the methicillin was not causing detectable perturbation to the plasma membrane. Similarly, Figure 2b shows the effect of vancomycin on MRSA NCTC 11353 (clinical isolate) where susceptibility could again be detected after only 30 min.
The effects of penicillin G, methicillin or vancomycin on all strains used are summarized in the Table. Fluorescence is measured on an arbitrary scale of 0-250 each of which corresponds to a channel number; thus the median fluorescent intensity (the channel number above and below which 50% of the distribution can be found) 10 gives an indication of the sensitivity of that population to a particular antibiotic. Penicillin and methicillin caused an increased fluorescence in the two reference strains, but not the MRSA. Vancomycin, on the other hand, did give increased fluorescence emission in all the MRSA strains, and this demonstrates the susceptibility of MRSA to this antibiotic. Vancomycin-induced damage to MRSA isolate QC in terms of increased fluorescence and decreased viability assessed by cfu is shown in Figure 3 . If treatment with the antibiotic results in membrane potential disruption and loss of viability, an increase in fluorescent intensity will be observed. The antibiotic at 4 MIC (the 'breakpoint value') and 10 MIC resulted in median fluorescence values of 84 and 91, respectively, after 4 h incubation and this was paralleled by the loss of cell viability based on cfu counts. Incubation at the MIC value resulted in a smaller increase in fluorescence after 4 h at a median channel of 45. No fluorescence increase was seen at 0.1 MIC and no loss of viability was recorded from plate counts.
Discussion
These results demonstrate the successful use of flow cytometric measurement of DiBAC 4 (3) fluorescence to detect changes in the transmembrane electrochemical potential produced by the action of antibiotics on S. aureus. This provided a rapid and reproducible antibiotic susceptibility test that gave a result within 2-4 h of subculture from an overnight plate culture. The rate-determining factor in this procedure arose from the period required to establish 'steady state' exponential growth. This compared favourably with conventional susceptibility tests that require a second incubation overnight. However, a flow cytometric assay of methicillin resistance would not distinguish between mecA-containing isolates and others that show decreased susceptibility to methicillin. This information, often required by the clinical laboratory, may be obtained using PCR.
MICs derived from conventional tests are open to correction; they may exhibit poor correlation with actual doseresponses 24 and frequently do not truly represent the 'minimum' inhibitory concentration, but rather an intermediate value depending on the dilution series used. Also, conventional tests do not distinguish between concentration-and time-dependent antibiotic activities; this ambiguity may have important implications for dosage regimes. 25 Conventional tests only express an average susceptibility value for the whole bacterial population, but this population may be heterogeneous in terms of cell cycle, age, growth rates and metabolism. 26, 27 Mutations may arise during growth and the frequency is increased on exposure to selective pressures (e.g. the presence of an antibiotic). On solid agar, a colony will show heterogeneity often over very small distances. As flow cytometry can be used to analyse individual cells in a population, it can pro- vide essential information on the heterogeneity of the population in terms of susceptibility to antibiotics and biocides, etc. Thus, as individual cells are damaged there will be an overall increase in fluorescence of DiBAC 4 (3) the extent of which is time-and concentration-dependent. However, the method requires further evaluation against a panel of MRSA expressing different levels of methicillin resistance to ensure that it will correctly classify as resistant those isolates that have MICs of 8 and 16 mg/L.
The action of antibiotics that do not act directly on the cytoplasmic membrane will also result in membrane perturbation which may be measured by a membrane potential-sensitive dye. This was confirmed by Mason et al. 13 who used DiBAC 4 (3) to analyse membrane damage caused by gentamicin, a protein synthesis inhibitor, and ciprofloxacin, a DNA gyrase inhibitor. Bacteriostatic antibiotics are known to leave organisms intact, but at the same time cause some membrane disturbance which may be measurable by flow cytometry. Antibiotics at subinhibitory concentrations have also been shown to affect bacteria 28, 29 although, in the present study, vancomycin at a concentration of 0.1 MIC did not affect MRSA as judged by flow cytometry and viable counts. DiBAC 4 (3) has a number of advantages over other membrane potential-sensitive probes. It can be added directly to the liquid culture with no requirement for pretreatment. Rhodamine 123, a cationic membrane potential dye, requires the organism to be washed, filtered and made permeable by EDTA treatment in the case of Gramnegative bacteria. 30, 31 These pretreatments may cause additional perturbation to bacteria and interfere with the actual antibiotic-induced damage. Rhodamine 123 and other membrane potential dyes, such as those of the carbocyanine family, have proved unpredictable in the assessment of bacterial viability. 32 DiBAC 4 (3), however, has been used to assess bacterial viability of both Grampositive and Gram-negative bacteria, an essential property in the development of a routine antibiotic susceptibility test. Furthermore, the oxonols are anionic dyes and therefore can only enter a cell when the membrane has become depolarized. Thus they are non-toxic to the organism. Cationic dyes, on the other hand, are highly toxic. 33 It could be argued that the oxonol dye may cause further damage to 81 a depolarized cell upon intracellular binding and alter the effect of the antibiotic. However, Pore 25 has proposed that the oxonol-induced change may usefully amplify the fluorescent response proportionally.
The more efficient use of existing antibiotics to delay the emergence of bacteria such as vancomycin-resistant S. aureus while more anti-staphylococcal drugs are developed is a paramount requirement for new diagnostic technologies. With the increasing threat posed by MRSA and other bacterial species, the use of a flow cytometer provides a simple method for the rapid evaluation of antibiotic susceptibility patterns of clinical isolates. 34 Even shorter periods than those reported here can provide highly significant evidence if perturbation occurs following antibiotic exposure.
